INTRODUCTION
One of the goals of biologists is to understand the basic mechanisms that govern the building up, propagation, and evolution of living organisms. Sequencing programs are designed to decipher messages corresponding to genetic programs of procaryotic and eucaryotic model organisms. A preliminary step is to complete the total genome DNA sequence of the organisms. National and international libraries have been collecting information on nucleotide and protein sequences for many years. This is a major contribution to the accessibility of biological knowledge, but the information thus collected cannot be directly treated for proper handling by specific software. It was therefore necessary to evaluate the feasibility of constructing a data base from Escherichia coli by using the data present in the banks. An expected consequence is that exploration of the "genomic text" should result in the discovery of rules that govern its organization and operation, namely to estimate its consistency. Computing is then required for three distinct but interrelated operations: data acquisition, data exploitation (i.e., extraction and interpretation of sequence information), and finally management of biological data derived from the two former operations. Setting up a consistent informatic system at this level requires the integration, within a single * Corresponding author. environment, of (i) a specialized data base, (ii) sequence analysis software, and (iii) biological knowledge. Advances in data acquisition techniques, as well as the proliferation of computer-assisted tools, should lead to a sophisticated study of the genomic text and the exploration of hypotheses on regulation of gene expression and on gene function and evolution.
As a preliminary step for determining such an environment, we have built up a specialized data base by using biological data currently available for the study of E. coli. The genomic molecular structure of this microorganism has already been studied intensively for many years and today provides a richer set of data than that of any other known living organisms. Since 1976, when Taylor and Thoman identified and positioned 99 genetic loci on the E. coli chromosome map, eight further editions of the linkage map have been published. In the most recent map, Bachmann positioned more than 1,400 loci, representing about onethird of the total gene content of E. coli (1) . A complete restriction map of the chromosome of strain W3110 was constructed by Kohara et al. (16) . Since then, several programs have been developed to correlate the DNA sequence data directly with the physical map of E. coli. This software is based either on a method of restriction pattern alignment (23, 26) or on the comparison of the length of each restriction fragment (19 entire E. coli chromosome was described (17) . In a similar way, Rudd et al. (27) have developed a software (including both data files and application programs) for collecting, aligning, and displaying E. coli genetic map (1), restriction map (16) , and DNA sequences obtained in different laboratories after removing redundancy.
Independently, we started collecting E. coli DNA sequences from the EMBL data library together with miscellaneous data obtained from other sources. Our main purpose was to build up a set of clean, consistent, and nonredundant data and to extract, in the best conditions, information about E. coli nucleic acid sequences. In an attempt to evaluate the consistency of the sequences generated by the laboratories working on E. coli, we found that the amount of polymorphism at the nucleotide level was small, justifying the aggregation of such data to generate a "patchwork" of the E. coli chromosome sequence (19) . As our work on this genome progressed, it became necessary to define a structuring model for the E. coli biological data, allowing easy consultation as well as multicriteria searches of any information whether it originates from experimental work or from computer analysis of DNA sequences. In contrast with Rudd et al., who use a software that manages independent data files (27) , we used a relational data base management system to conceive a specialized data base for the E. coli genome. This data base, called Colibri, is presented in this paper. We describe the organization of data, the structure of the data base, and the environment of consultation and interrogation. Graphic representation of the data stored in Colibri shows that the modeling of biological knowledge makes the extraction of new information significantly easier. To date, the data base holds more than 2,000 kbp of E. coli DNA sequences, i.e., 50% of the total genome. An update, including a procedure aiming at the construction of contigs without the help of the restriction map, will be presented elsewhere. We have defined in the present work a way of modeling procaryotic biological data. This model is presently being used to build up a specialized data base for the Bacillus subtilis genome.
SOFTWARE AND DATA Until now, biologists have been using relational data base management systems to organize DNA sequence data; this is how the GenBank data base (5) and the PIR protein sequence data base (2) are organized. This choice is made mainly because relational data models support a very simple data structure (i.e., in tabular form) easily understandable by those who are not computer professionals. Besides, these systems provide ad hoc query languages which are simple to use. The relational data base system used as part of this work and the various E. coli biological data that we had to organize in the base is briefly presented below.
Data Base Management System
The data base Colibri has been developed on a Macintosh IIcx by using a commercial relational data base management system, 4th Dimension (4D). This software is user friendly and greatly facilitates the task of prototyping and refining an operational data base. 4D allows description and handling of data as file forms (i.e., tables in the standard relational model). A 4D file is made up of fields of alphanumerical, real, integer, boolean, etc., types (i.e., the attributes of the relation scheme). Basic elements of a file are the cards or the records (i.e., the t-tuples). An advantage of 4D is that it is less restrictive than the standard relational model since it offers the capacity to manage image or text data types. Accordingly, 4D is very well suited to model biological objects such as sequences, gels electrophoresis patterns, genetic maps, and physical maps.
The relationships between structured data, i.e., between the 4D files, can be of different type. For instance, the biological object "sequence" is characterized by simple attributes such as its name, its length, and its accession number in the DataBank, but also by more complex properties such as the description of its interesting biological properties (called features). Similarly, the object "gene" is characterized by its biological function (specified by key words), among other properties. The relationship between objects "sequence" and "feature" corresponds to a 1l+n Mapping (mapping is used here in the mathematical sense. To avoid confusion with mapping in the sense of genetics, we use a capital M); i.e., one sequence is characterized by several biological sites, and a particular site is specific to only one sequence (Fig. 1A) . On the other hand, the relationship between objects "gene" and "key word" corresponds to the Mapping n+-m, i.e., one gene is characterized by several key words, and a particular key word is generally specific to several sequences (Fig. 1B) . The structure generator of 4D makes it possible to translate an injective Mapping (1l-n) by tracing a link between two files with the mouse. A link associates N cards of the first file with one card of the second file (Fig. 1A) . To establish an n+-m Mapping between two files, it is necessary to create a "buffer file" that presents a 1--n Mapping with the first file and with the second file. In Fig. 1B 1. Relationships between structured data in a 4D data base. In the upper part of the figure we have represented several 4D files [Sequences] , [Features] , [Genes] etc., comprising fields of different types (alphanumeric type for the fields Name or AccNum, integer for the field Length, etc.). The lower part of this figure shows examples of records for each of these files (for example, in the first record of the [Sequences] file, the field Name is equal to "ECACEA," the field Length is equal to 1,344 and the field AccNum is equal to "X07543"). collection of endonuclease sites distributed along the DNA molecule. This generates DNA fragments that can be ordered by using molecular cloning, gel electrophoresis, and DNA hybridization techniques. Such a map is useful for the cloning and sequencing of genes. The initial E. coli physical map was established by Kohara et al. (16) . It contains information about the distribution of patterns that are recognized by eight restriction enzymes: BamHI, HindIII, EcoRI, EcoRV, BglI, KpnI, PstI, and PvuII (7,108 restriction sites in total). However, the standard Kohara map included seven known gaps that were subsequently filled by Knott et al. (14, 15) . In (17) .
In the literature these data are not related to each other. Therefore, as the work on E. coli genome progresses, the main scope of our work is to integrate all three types of information into a single map to make consultation, utilization, and updating of data easier. It was therefore necessary to define a representation of these data with 4D management system. LOGICAL STRUCTURE OF THE DATA BASE The conception of a data base first requires an analysis of the users' needs, i.e., definition of the way of viewing and recovering information. This consists of describing very precisely all data to be modeled, finding the relevant data, and characterizing their intrinsic relationships. Another aspect, closely linked to the first, consists of determining the expected representation and processing. The structure of the data depends on such an analysis and consequently on the efficiency of the data base (capacities and performances) and the ease with which it can be modified. We show in Fig. 2 the logical structure of the data base we have developed.
Data from Public Libraries Information describing each DNA sequence collected in the EMBL format is organized in several linked files (Fig. 2) of the EMBL data file format (10) . To avoid redundancy (see "Generation of Contigs"), data corresponding to the DR (access to the data bank Swiss Prot), DT (creation or modification of the entry), KW (key words), FT (Features  table) , and finally RP, RA, RT, and RL (bibliographic references) lines have been structured in several independent 4D files (Fig. 2) . The relationship between the [EMBL] file and others follows a 1-n Mapping (for instance with the file [Features] ) or an n++m Mapping (for instance with the file [References]) (see above). Thus, all data describing a single EMBL entry can be recovered by using the links described in Fig. 2 , is generated during a procedure which creates records for the amino acid sequences translated from coding regions. For each protein record stored in the data base, we use the FASTP searching routine (30) and organize results in the 4D file [FastP] (see the section on calling external procedures, below). Rapid searching for a particular gene or protein function is realized through a key words list constructed from those given in the EMBL and Swiss Prot data banks together with those of Bachmann genetic map (1) . This preestablished list is thus structured in the [Dictionary] file (Fig. 2 ). The number of sequenced genes currently recorded in Colibri approaches 1,500. The biological function of 200 of these genes remains unknown.
Physical Map
Finally, data corresponding to the Kohara physical map (16) are also structured in Colibri. The file [PHYSICAL MAP] is made up of fields created to record all positions of the eight restriction enzymes sites. We have developed a program, written in Pascal, that identifies the most likely positions of a DNA sequence on the E. coli chromosome by using information about restriction fragments generated with the eight enzymes used by Kohara et al. to map the genome (16). This software, described previously (19) , has been used to assign a map position to most of the contigs constructed in Colibri. Appropriate localization of a fragment, correlated to data obtained by classical genetical means, allows us to suggest corrections of the Kohara map. These corrections are performed mainly by adjusting the positions of restriction sites and by adding missing sites to the original physical map. It was found that, taken as a whole, the Kohara map is very accurate, except maybe for the PvuII and EcoRV sites, which seem to be context sensitive (20) . Since there are more missing sites than extra sites in the last update of our corrected physical map, the most likely explanation is that the method used by Kohara et al. (partial digestions) resulted in a defect in restriction sites. Then, it seems that there is only a low level of polymorphism between the E. coli K-12 strains used in the various laboratories involved in DNA sequencing (19) . By updating data obtained from the physical mapping (19, 20, 22) (Fig. 2) . Our corrected restriction file is available on request to scientists providing electronic mail address. At present, it contains nearly 8,000 restriction sites.
USING COLIBRI
The second step when constructing a data base is related to the representation of the data on the screen. As depicted in Fig. 3 , the different ways of representing the E. coli chromosome are closely connected to the biologist's mental representation. In the previous sections we have explained how a data base management system such as 4D allows the modeling of these data. Structured information in a data base must express the user's views in the best way, but this physical organization is quite invisible to the user. That is why a data base management system also provides an interface generator. One thus defines a set of layouts presenting data on the screen: this is what can be seen by the user (Fig. 3) .
Interfacing Colibri Several layouts have been developed in the Colibri data base which contain combinations of data from different 4D files (Fig. 2) . This environment of data consultation and multicriteria searches provides a palette of tools (buttons, pop-up menus, dialogues, etc.) associated with particular procedures for searches, "navigation" in the data base, and importation of data in ASCII file form. Other 4D procedures are linked to the interface menus and allow particular analysis of the E. coli DNA sequences, such as finding the position of restriction sites, performing translation, and searching for similarities in protein data banks. The user can start the data base consultation from any type of data: EMBL entries, contigs, physical map, genes, etc. The relationship defined between the structured data allows direct access to all the related information. For instance, for a set of genes which express a same biological function, the user can very easily find all the corresponding EMBL entries together with the bibliographical references, as well as the genomic environment of those genes (e.g., the contigs they are on, their chromosomal localization, their neighboring genes, their restriction map). Furthermore, by using the drawing unit of 4D (4D Draw), it becomes possible to integrate an interactive graphic representation of the data to the interface of Colibri (see below). Very soon, most of the text information of the data base should be accessible in sensitive areas on the represented drawings of the genetic map, physical map, or DNA sequences and their coding regions.
Examples of E. coli Data Representation
As an example we show in Fig. 4 .A the layout of data for a recorded contig localized at 83.7 min. The information presented here is length and genomic address (kilobases) of the genomic restriction site (16) first classes, Cl and C2, have already been identified from a limited set of genes (3, 9) ; the new finding is that to describe properly the codon usage of all E. coli genes, it has been necessary to introduce a third class (C3; Fig. 5 ). Genes in this third class code for fimbriae, flagella and pili, and integration host factors; they also comprise genes controlling cell division. In addition, the third class contains genes that encode insertion sequences. A few genes, such as the mut genes, are found at the border between classes and may therefore change class from one release of Colibri to the next one. It has also been found that the codon bias, on the one hand, and di-to pentaoligonucleotide bias, on the other hand, are specific to these three classes (21) .
Results of this statistical analysis are then recorded in the data base (see [Codon usage] 4D file; Fig. 2 ). Thus, we show in Fig. 6 
Calling External Procedures
One of the main goal of scientists involved in sequencing has been to identify gene products (proteins, RNA, DNA regulatory sequences, etc.) in order to associate them formally with their genetic and physiological properties. The most common operation is therefore identification of a coding sequence, automatic translation into a polypeptide sequence according to a given genetic code, and comparison of the latter with known sequences present in data banks. Computers provide great assistance in identifying open reading frames, translating sequences, finding similarities with data banks, aligning sequences, etc. Therefore we have developed on the Macintosh computer several software analyses, generally written in C, permitting such standard treatment of sequences. Most of these algorithms could have been written in 4D language, but their slow running makes them unusable in practice. For this reason, integration of external procedures in Colibri has been used (22) for sequence analyses such as identification of coding regions, translation of CDSs, and establishment of restriction maps with the eight restriction enzymes used by Kohara et al. (16) : in such cases, the user simply has to select the sequence(s) to be treated in the data base. If no particular choice motivated by biological expertise is required, results are then automatically recorded in appropriate fields of the data base. A more complex routine used for rapid similarity searching in the proteins data bank (FastP) (30) has also been integrated. In that case, parameters necessary to run the program are numerous. Therefore, using the 4D system facilities, we have developed an interface allowing one to select from Colibri the query sequence, the protein data bank to be scanned, a distance matrix between amino acids, and finally the number of data bank sequences to be kept for further study. Results of the scanning are automatically loaded in the data base: for each selected protein of the data bank, its similarity score with the query sequence and information such as its description, its keywords, and its bibliographic references are recorded. The scores obtained with all the data bank entries are finally recorded to draw the corresponding histogram (the user generally wants to see the position of the selected sequences in comparison with the whole results of the FastP routine). Organization of these data in our data base ( Proline; High-affinity transport system for glycine betaine and proline 1 Proline; High-affinity transport system for glycine betaine and proline Stress-induced psp operon 1
Stress-induced psp operon 3 Stress-induced psp operon 1 Stress-induced psp operon 1 Phosphatidylserine synthetase (EC 2.7.8.8) 2
High-affinity phosphate-specific transport system 2 High-affinity phosphate-specific transport system; cytoplasmic membrane protein? (16) . Knowing the map position and the direction of transcription relative to flanking markers, the direction of transcription for a given gene relative to the origin (oriC) at 84 min can be determined. In Fig. 8 we have represented the length distribution of genes transcribed away from the origin (black region) and of genes transcribed toward the origin (hatched region). As shown in Fig. 8 Colibri is a data base that permits recovery of selfconsistent, nonredundant DNA sequences of the E. coli genome. The corresponding information is extracted from existing data libraries in such a way that data management can be easily performed by using a set of ad hoc procedures that have been implemented by keeping in mind the constraint that the general user does not have to identify the underlying structure of the base. The data structure has been designed to permit the aggregation and recovery of the generally fuzzy knowledge associated with the molecular genetics of E. coli. Appropriate links created between the different objects present in the data base permit rapid and direct access to the variety of biological information. The present state of Colibri makes it much more complete than the data base described by Kunisawa et al. (18) , which contained only 20% of the total DNA content of the E. coli genome. This has already permitted a thorough exploration of the general properties of the genome, as now summarized.
A first consequence of the magnitude of the data present in Colibri is that the overall organization of the E. coli genome can be analyzed. In particular, it has been possible to correlate the physical map established for one laboratory strain (W3110) by Kohara et al. with the vast but extremely scattered set of sequences produced by the many laborato- ries interested in E. coli genetics. This permitted us to show that, with the exception of the 52-min region and the borders of the chromosomal inversion present in W3110 in contrast to most strains of E. coli, the physical map of Kohara et al. is extremely accurate (19) . This led us to demonstrate that polymorphism among laboratory K-12 strains of E. coli is extremely low (of the order of 1o-3 base change per base) and of the same order of magnitude as the usual error rate generated during sequencing or recording sequences in data libraries (11) . This also allowed for the correction of the physical map and led us to discover that two restriction enzymes (EcoRV and PvuII) were context sensitive and that the distribution of EcoRV, HindIII, and PstI sites differed from the expected random Poisson distribution (22) . This latter observation has been substantiated by several thorough independent analyses (6, 13) . A further statistical analysis, in which the constraints of the codon usage in coding sequences were used as a reference, has also demonstrated the interest for a thorough statistical study of the genome. We can expect to discover interesting biological properties from such analysis in the near future (21) . As a case in point, it can be demonstrated, by using the data base, that Chi sites (GCTGGTGG) are distributed in a highly nonrandom fashion; i.e., they usually have the same orientation as that of the replicating fork. This indicates that, from analysis of biases in the sequence one should be able to recognize replication orientation ( Table 2 ).
As a model study in data processing, the present work also has a methodological interest. Indeed, it provides us with a paradigm for the building up of evolving data bases for implementing genomic information, at least for procaryotes. This is presently used for Bacillus subtilis, whose genome is being sequenced by a team of European and Japanese groups. In this context, however, the appropriate interfacing with the raw data obtained immediately downstream from the sequencing gels has yet to be defined. The specific relational data base management system that was used, 4D, permitted us to define an organization of the data that allowed rational analysis of sequence data. After each run of analytical procedures progressively added to the core of methods specific to Colibri, the knowledge that has already been implemented in the data base is modified and improved.
Therefore, although it is necessary to control the consistency and integrity of new data added to the base, automatic procedures modify certain fields as a function of the actual use of the data base, as well as during updating. This requires the writing and management of multiple internal procedures. It should be noted that adding new information can be extremely tedious. Therefore, whereas a relational data base management system appears to be able to satisfy most of the requisites induced by the analysis of whole genomes, it may lack some of the flexibility needed for the proper functioning of an "evolving" data base. As a conse-VOL. 57, 1993 at INSTITUT PASTEUR-Bibliotheque on mmbr.asm.org Downloaded from quence, it seems interesting to consider object-oriented data base management system for the future. There are already several examples. An object-oriented knowledge base, ColiGene (24), has been developed by using the knowledge base management system SHIRKA (25) ; it aims to study the expression of E. coli genes, taking into account the expertise of molecular geneticists. Another object-oriented system, ACeDB, has been specifically constructed for the management of sequences and knowledge induced by the program of Caenorhabditis elegans genome sequencing (29) . This latter data base is now used by all laboratories involved in this program, and it has been chosen as a model for the development of other specialized data bases (those for Drosophila species, mouse, etc.). Finally, the data records and the procedures created by Rudd et al. have been recently implemented in an object-oriented data base (28) . The corresponding prototype is, however, too new to permit evaluation of the advantages of object-oriented with respect to relational data base management systems. The experience acquired during the building up of Colibri leads us naturally to be interested in these latter approaches. As a first step we shall presently use SHIRKA, aiming in particular at evaluating problems posed to the persistence and integrity of data, for heavy-duty data bases, such as those which should follow Colibri.
The Colibri data base, embedded in a runtime version of 4D, can be obtained through anonymous ftp. Users connected to the Internet network can type 'ftp radium.jussieu.fr' (or, in case of difficulties, 'ftp 134.157.56.1'), enter 'anonymous' as the user identification and any word as password to access to the repository root directory. Users without ftp experience should then issue a 'get radium. readme' command and should carefully read this file on their own site. The Colibri repository directory (/pub/colibri) also contains a 'colibri.readme' file, which describes the various formats available to easily recover the data base on Macintosh computers. It should be pointed out that Colibri has been compiled as a 'clickable' Macintosh application, so that the 4D software is not needed to run it.
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